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Coupled hydrodynamic model for laser-plasma interaction and hot electron generation
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We present a formulation of the model of laser-plasma interaction (LPI) at hydrodynamical scales that couples
the plasma dynamics with linear and nonlinear LPI processes, including the creation and propagation of high-
energy electrons excited by parametric instabilities and collective effects. This formulation accounts for laser
beam refraction and diffraction, energy absorption due to collisional and resonant processes, and hot electron
generation due to the stimulated Raman scattering, two-plasmon decay, and resonant absorption processes. Hot
electron (HE) transport and absorption are described within the multigroup angular scattering approximation,
adapted for transversally Gaussian electron beams. This multiscale inline LPI-HE model is used to interpret several
shock ignition experiments, highlighting the importance of target preheating by HEs and the shortcomings of
standard geometrical optics when modeling the propagation and absorption of intense laser pulses. It is found
that HEs from parametric instabilities significantly increase the shock pressure and velocity in the target, while
decreasing its strength and the overall ablation pressure.
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Laser-plasma interactions (LPIs) involving pulses of the or-
der of [0.1,10] ns in the interaction regime Iλ2 ∈ [1013; 1016]
W μm2/cm2 are prone to various wave-plasma coupling
processes [1]. Theoretical and experimental studies have
shown that nonlinear LPIs play an important role in such
configurations, notably relevant to high-energy density physics
experiments involving laser beams and especially to inertial
confinement fusion (ICF) [2]. Although these nonlinear LPIs
are routinely studied at microscopic and mesoscopic scales
using particle-in-cell (PIC) and paraxial electromagnetic
codes, large scale models such as magnetohydrodynamic or
radiative hydrodynamic codes are mostly limited to colli-
sional absorption modeling. Inaccuracies in the description
of linear and nonlinear LPIs at those scales are usually
addressed by using time-varying limitations of the maximum
electron thermal flux or adjusting the power distribution
of laser beams to reproduce the experimental results. Such
approaches hinder the understanding of the physical processes
at play and limit the predictive capability of these tools.
From these assessments, recent efforts have been made in
describing nonlinear LPIs at hydrodynamical scales, notably
in the case of inline solvers for cross-beam energy transfer
[3–5] which have allowed one to better interpret and design
ICF experiments and can be applied to assess novel laser
configurations. Similarly, the effects of high-energy electron
populations generated by nonlinear LPIs on the plasma
dynamics are of particular importance for ICF studies [6,7],
double ablation front experiments at high intensities, or for the
design and interpretation of ns-scale laser target experiments
in general [8]. Considering the large variety of laser-target
configurations involving hot electron acceleration processes,
there is an evident need for a multiscale model that can
simultaneously account for, in hydrodynamic codes, linear and
nonlinear LPIs, as well as the interwoven couplings between
the laser propagation in plasmas, hot electron (HE) sources
created by nonlinear LPIs, HE beam propagation, and plasma
dynamics.

Modeling nonlinear LPIs and the laser-plasma-electron
coupling on hydrodynamic scales poses severe difficulties
related to the accurate description of the laser intensity in
plasmas and the consistent description of HE sources from
the laser propagation model. These limitations are related to
the use of geometrical optics, which implies a needlelike ray
description of the wave field as an almost-plane homogeneous
wave [9], and does not allow for robust evaluations of the laser
intensity in plasma [10]. Note that HE transport models with
ad hoc sources are often included in such codes, usually using
Monte Carlo approaches.

This Rapid Communication introduces an approach to hy-
drodynamic modeling that relies on paraxial complex geomet-
rical optics (PCGO) [9,10] to describe the laser propagation
in plasma using stochastically distributed Gaussian optical
beamlets. It is coupled to a reduced HE transport model based
on the angular scattering approximation (ASA) [11], adapted
to two-dimensional (2D), transversally Gaussian, multigroup
HE beams of arbitrary angular distribution, that computes
their propagation and energy deposition. Considering the
simultaneous and concurrent acceleration of hot electrons by
resonant absorption (RA), stimulated Raman scattering (SRS),
and two-plasmon decay (TPD), we present three simplified
models for computing forward HE fluxes and temperatures
from the optical beamlets of PCGO. This coupled LPI-HE
model has been implemented in the CHIC arbitrary Lagrangian-
Eulerian radiative hydrodynamic code [12], and is resolved
inline, i.e., within hydrodynamic time steps. It is compared to
the experimental results of laser absorption conducted at the
Omega laser facility [13] and used to interpret the physical
processes at play in a planar shock timing experiment in the
framework of shock ignition ICF, in the Prague Asterix Laser
System (PALS) [14]. An additional comparison is conducted
to the experimental results of HE-assisted shock generation in
a spherical configuration at Omega [15].

First, we introduce the reduced HE transport model de-
veloped for this study. The ASA model is derived from
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the kinetic Vlasov-Fokker-Planck equation by considering
electron-ion and electron-electron collisions. The HE dis-
tribution function is decomposed on the basis of spherical
harmonics at first order, and the mean scattering angle
〈cos θ〉(s) = exp (− ∫ s

0 k1(s ′)ds ′) is expressed as a function
of the curvilinear electron beam coordinate s. The transport
cross section k1 includes the differential angular deviation,
and accounts for Debye screening, quantum effects [11,16,17],
and nonideal plasma conditions [18]. Assuming the HE beam
propagates along a straight line, the energy loss reads dε/ds =
−S(ε)/〈cos θ〉(s), where S is the electron stopping power
[19] that is induced by bound electrons, free electrons, and
plasmons [11,17,18]. The angular scattering on background
electrons and ions widens the beam as d�/ds = 2〈tan θ〉(s),
a significant process in ICF conditions [11]. Each HE beam
is described by an exponential distribution function in energy
fE(ε) ∝ exp (−ε/Th) that is logarithmically discretized in a
series of monoenergetic beamlets.

This multigroup model for HE beam transport in plasmas
has been validated with a reference code [20] for various
cases in homogeneous and inhomogeneous plasmas using 50
groups in energy, ranging from Th/5 to 8Th, for various angles
of incidence and initial beam apertures. The free parameters
defining a given HE source are the initial energy flux Fe,
mean temperature Th, angular distribution, and direction.
Those parameters are determined from both laser and plasma
characteristics, thus coupling nonlinear LPIs to HE sources.

We first consider the case of HE beams created by
resonant laser absorption. For a p-polarized electromagnetic
wave incident at an angle ϕ (defined at the plasma-vacuum
boundary) on a linear density profile of scale length L,
the fraction of beam energy fA absorbed at the critical
density can be expressed as fA = �2(ηc)/2 [21], with ηc =
(ωL/c)2/3 sin2 ϕ and � a resonance function. Based on
Ref. [22], we have derived a resonance function where the
decay factor of the electric field is estimated without the
Wentzel-Kramers-Brillouin (WKB) approximation, �(ηc) �
1.866η

1/2
c exp (−2η

3/2
c /3)/(ηc + 0.435)1/4. Compared to nu-

merical solutions of the wave equation and PIC simulations
[23], this formulation captures the absorption fraction to within
an error of 10%, and yields an optimal angle of ηc = 0.51
that is bracketed by the simulation values (ηc ∈ [0.47; 0.53]).
When a p-polarized PCGO beamlet propagates orthogonally
to the density gradient direction, a HE beam is initialized at
the critical density, parallel to the gradient direction. For the
resonant absorption and any LPI-HE source presented here, the
power fraction transferred to the electron source is removed
from the PCGO beamlet at its turning point. Simultaneously,
the intensity, curvature radius, and width of the optical beamlet
is recomputed downstream of the LPI location, in order to
consistently model further interactions of the beamlet with the
plasma. Additionally, the transverse width of the HE source is
taken to be that of the optical beamlet. The HE mean energy
for the resonant absorption is computed using scaling laws
from several experimental campaigns, conducted for various
interaction parameters and wavelengths [24,25],

T RA
h = 9.37 × 10−10(Iλ2)0.664 keV, Iλ2 ∈ [1013; 1015],

(1)
T RA

h = 1.58 × 10−3(Iλ2)0.247 keV, Iλ2 ∈ [1015; 1017],

where the beamlet intensity I is in units of W/cm2 and λ in
μm.

The characterization of HE sources from parametric in-
stabilities is inherently more challenging. Theoretical works
have demonstrated that the temperature of TPD-HEs is not
related to the electron plasma wave’s (EPW’s) phase velocity
at the quarter critical density, because electrons undergo a
stage acceleration [26]. Time-dependent scaling laws for F TPD

e

and T TPD
h as a function of laser intensity were proposed in

Ref. [27], from extensive PIC simulations in the 1015–1016

W/cm2 intensity range with λ = 351 nm and in plasmas of
electron temperature Te ≈ 2 keV. The steady-state values of
these scaling laws are used to define HE sources from TPD,

F TPD
e = 2.6 × 10−2I {1 − exp[−(ξTPD − 1)1/2]} W/cm2,

(2)
T TPD

h = 15.5 + 17.7ξTPD keV,

where ξTPD = I/ITPD
th is the relative intensity of the drive, and

ITPD
th the threshold intensity for TPD in an inhomogeneous

plasma, ITPD
th = 8.2TkeV/(Lμmλμm) PW/cm2 [22,28], with

Lμm being the local density scale length in μm. The EPWs
excited by TPD have privileged directions at ±45◦ with
respect to the pump. Shared pump wave processes and plasma
density modulations have been shown to be significant in ICF
regimes [29,30], and spread the optimal angle of forward HE
emission in various directions in that cone. We assume that the
multiplicity of configurations for the pump and daughter waves
produces a uniform HE emission in the −45◦ to +45◦ cone
with respect to the PCGO ray direction. This spread is obtained
by superimposing electron beamlets at various angles. HEs
from TPD are emitted at nc/4, both forward and backward.

Contrary to the TPD process, the energy of SRS-induced
HE is correlated with the phase velocity of the EPW at its
point of resonance and not with the drive intensity ξSRS [31].
Conversely, the number of HEs is seen to scale with ξSRS.
The asymptotic HE flux is set to 12.5% of the pump intensity,
which is the maximum number of forward HEs that SRS can
drive in a steady state [32]. The shape of the flux function
Fe is chosen to be similar to that of TPD, and rearranged to
correspond to experimental estimates [8,15],

F SRS
e = 12.5 × 10−2I {1 − exp[−(ξ 1/3 − 1)]} W/cm2. (3)

The relative intensity ξSRS is defined with respect to the
absolute instability threshold in an inhomogeneous plasma
and at the quarter critical density, I SRS

th = 99.5/(L2
μmλμm)

2/3

PW/cm2 [33,34]. In order to account for the Raman gap
observed in experiments [1,35], we assume SRS takes place
at ne = 0.2nc. Under those assumptions, the HE temperature
reads

T SRS
h = mev

2
ph

2
, vph = vte

√
1 + 3(kpeλD)2

kpeλD

, (4)

where vph is the EPW phase velocity, λD the Debye length, kpe

the EPW wave number, and vte the electron thermal velocity.
Experiments have shown that SRS-driven HEs are directional
with respect to the laser drive [36]. Consequently, HE sources
from SRS are initialized in the direction of the pump wave
with no initial angular spread.
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This model has been tested in the case of laser absorption
in plasmas, by comparison to an experiment conducted at the
Omega laser facility [37], where a 940 μm diameter spherical
plastic target is irradiated by 60 s- and p-polarized beams
in two picket pulses (∼100 ps) of 12 and 18 J per beam,
respectively (peak intensity ≈5 × 1014 W/cm2). Contrary
to hydrodynamic computations presented in Ref. [37], the
LPI-HE model is able to reproduce the correct laser absorption
in both picket pulses simultaneously, using a fixed value of
the electron flux limiter fL = 0.04 [38] instead of a time-
varying one. This improvement lies in (i) the description of
resonant absorption, that is prominent here, and (ii) the correct
description of the wave field close to the critical density as
an almost-plane inhomogeneous wave in PCGO, contrary to
GO for which the slowly varying envelope approximation is
no longer valid.

Laser-plasma configurations prone to parametric instabili-
ties are now considered. Experimental studies of HE coupling
to plasmas in ICF regimes were performed on the PALS
laser system in Prague [8]. The experimental setup involves
a sequence of two laser pulses of 300 ps full width at
half maximum (FWHM) duration: a preheating low intensity
beam at 1ω (λ = 1315 nm, θ = 30◦, I � 1014 W/cm2) and a
normally incident high intensity beam at 3ω (I � 5 × 1015–
3 × 1016 W/cm2). The targets are composed of a 25 μm thick
plastic ablator and various tracer layers: 25 μm Al (CHAl
targets), 5 μm Cu and 20 μm Al (CHCuAl targets), and
10 μm Ti and 10 μm Cu (CHTiCu targets). The plastic layer
mimics the typical ablator used in ICF and the low intensity
beam is used to create a coronal plasma. The shock produced
by ablation of the plastic layer is studied using the shock
breakout chronometry on the target’s backside by streak optical
pyrometry. The HE population is estimated by reproducing the
measured Kα emission with Monte Carlo (MC) simulations
of electrons propagating in the stationary target [39], using the
GEANT4 and PENELOPE codes [40,41]. For the CHTiCu target,
the experimental data are reproduced with HE temperatures of
25.3 ± 7.6 keV and energy fluxes of 0.7 ± 0.4% of the incident
laser energy. These are in good agreement with other data,
e.g., Refs. [42] (PALS, Th ≈ 50 ± 10 keV, CHCuAl targets),
[43] (Omega, Th ≈ 30 keV), and [44] (PIC calculations,
Th = 20–40 keV).

Simulations of the experiments for three multilayered
targets are conducted with the CHIC code using the multiscale
LPI-HE model and compared to GO-based models, systemat-
ically using nominal experimental parameters: measured laser
energy, focal spot and temporal pulse shape, and nominal target
configuration. A comparison of experimental and simulation
results for the shock chronometry is presented in Fig. 1.
Simulations with GO predict a shock breakout time much
shorter than the experimental timings by up to a factor of
2.5. Results from the LPI-HE model are significantly closer to
experimental data for all intensities and targets, owing to the
modified target dynamics from HE preheat that is accounted
for and to more precise collisional absorption modeling. We
discuss the physical processes at play by detailing the case of
the CHTiCu targets.

Early in the interaction, 1.3% of the laser energy is
resonantly absorbed at the critical surface layer, thus increasing
the shock pressure and velocity, and reducing the shock
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FIG. 1. (Color online) Shock breakout time vs laser intensity for
various targets. Open symbols are experimental points. Colored
symbols are from hydrodynamic simulations, with GO in blue (dark
gray), the present LPI-HE model in red (light gray), and PCGO only
in green (gray). The standard Pchoc ∝ I 2/3 and vchoc ∝ P 1/2 scaling is
shown as dashed blue (dark gray) lines.

breakout time by 30 ps. Starting slightly later, SRS and
TPD-generated HE beams gradually preheat the bulk of the
target both in front and behind of the shock to a few tens
of eV, as illustrated in Fig. 2. Averaged temperatures and
fluxes for these HE beams are of 40.7 keV and 1.17% of
the laser energy, respectively. These values are slightly above
the MC estimate, although the tracers in the target may not be
sensitive enough to electron populations of higher energies.
Preheating of the dense cold target raises the plasma pressure
at a nearly constant density, thus increasing the shock velocity
(function of

√
P/ρ). The HE preheat also raises the local

sound velocity, thus decreasing the strength of the shock, by
up to a factor of 2.78 during the laser drive. Although the
shock strength is lower, the local pressure increase leads to a
postshock pressure that is higher with HEs, up to +40% with
respect to simulations without HEs, depending on the targets.
The effects of HEs on the overall ablation pressure is difficult to

FIG. 2. (Color online) Log-scaled ion temperature (eV) of the
CHTiCu target as a function of time (ns) and depth in the target
(μm), along the laser axis. The solid lines show the locations of the
tracer interfaces.
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estimate in this experiment because of the interference of tracer
materials in the overall plasma dynamics. Simultaneously to
the bulk preheat, LPI-generated HEs that reach the target’s rear
surface heat it to several eV, thus initiating a backside plasma
expansion that delays the shock breakout (see the rear target
interface in Fig. 2). For that reason, simulations with PCGO
and without HE fortuitously reproduce similar shock timings:
The lower shock velocity is compensated by the absence of
backside target expansion. The integrated reflectivity in the
simulation is 28%, in good agreement with the experimental
measurements of 25 ± 10%.

The multiscale LPI-HE model is now applied to a recent
experiment on Omega [15,45] that illustrated the importance
of LPI-generated HEs on shock dynamics. A spherical
430 μm diameter target of Ti-doped plastic with a plastic
ablator is irradiated by a shaped pulse of peak intensity
∼5 × 1015 W/cm2. The shock is observed to reach the target
center at tc = 1.98 ns, for an integrated laser absorption of
Fexp = 55 ± 5% and HE energy fraction of ∼8% in the 50–100
keV range. A 2D axisymmetric simulation using the LPI-HE
model with the target and impulsion data yields tc = 1.976 ns,
with 7.3% of laser energy converted into forward HEs at an
average suprathermal temperature of 83 keV for the TPD-HEs,
41 keV for the SRS-HEs, and an additional 1.2% of HEs
produced by RA at 1.6 keV. The overall laser absorption in
the simulation is of FHE = 51.7%, with 42% of collisional
absorption. Shock timing, overall absorption, laser to HE
conversion, and HE temperatures simultaneous match the
experimental data within the error bars. We note that the
levels of SBS in both experiments are such that simulation
results remain within the experimental error bars. Results
are compared to a simulation without HEs, adjusted so that
absorption matches the experimental data with FnoHE = 57%.
Similar to the PALS campaign results, it is found that HEs
decrease the shock strength (by ∼20%) while the pressure
behind of the shock increases (by ∼20%). The shock timing
with HEs is reduced by 100 ps, a signature of a faster shock
due to plasma bulk preheating. Additionally, it is found that
the maximum ablation pressure is decreased by 30%, as
LPI-generated HEs deposit their energy beyond the ablation

front and thus weakly contribute to it, while the collisional
absorption is overall lower when considering nonlinear LPIs.

Results using our LPI-HE model exhibit a significant im-
provement in hydrodynamic modeling, simultaneously match-
ing data from hydrodynamics, hot electrons, and reflectivity
measurements with HE parameters being computed inline
from the LPI. The theoretical and experimental laws used for
the LPI-HE coupling have been validated against experimental
data obtained in planar and spherical laser-target geometries,
for pulse lengths in the [0.1; 2] ns regime and interaction
parameters in the [1013; 4 × 1015] W μm2/cm2 range, and
is expected to hold for pulses of the order of 10 ns and
up to 1 × 1016 W μm2/cm2. The LPI-HE model allows to
constrain simultaneously the global laser absorption, the
hydrodynamics of the target, and the HE preheat. Application
of this coupled model has shown that LPI-generated HEs
significantly decrease the shock strength and the ablation
pressure for interactions in plastic targets. While it was found
that the postshock pressure is enhanced with HEs, the deep
target preheat observed in the experiment may be detrimental
for fusion applications. This formulation is readily applicable
to direct-drive ICF as well as to the interpretation of laser-target
experiments in high-energy density physics. Particularly, it
is expected to provide insight into the physics of shock
ignition ICF. Although the stimulated Brillouin scattering and
stimulated electron acoustic scattering remain to be described
in this approach, the formalism presented here is compatible
with their implementation. Similarly, the framework presented
here is compatible with refinements of the LPI models in order
to account for finer kinetic effects.
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Pfeifer, A. Präg, O. Renner, K. Rohlena, B. Rus, J. Skala, P.
Straka, and J. Ullschmied, Phys. Plasmas 8, 2495 (2001).

[15] R. Nora, W. Theobald, R. Betti, F. J. Marshall, D. T. Michel,
W. Seka, B. Yaakobi, M. Lafon, C. Stoeckl, J. Delettrez, A.
A. Solodov, A. Casner, C. Reverdin, X. Ribeyre, A. Vallet, J.
Peebles, F. N. Beg, and M. S. Wei, Phys. Rev. Lett. 114, 045001
(2015).

[16] C. K. Li and R. D. Petrasso, Phys. Rev. E 73, 016402 (2006).
[17] A. A. Solodov and R. Betti, Phys. Plasmas 15, 042707 (2008).
[18] L. Gremillet, Theoretical and experimental study of fast electron

transport in ultra-high-intensity laser-solid interaction french
PhD Thesis, Ecole Polytechnique, Palaiseau, 2003.

[19] H. A. Bethe, Handbuch für Physik (Springer, Berlin, 1933),
Vol. 24/2, p. 273.

[20] M. Touati, J.-L. Feugeas, P. Nicolaı̈, J. J. Santos, L. Gremillet,
and V. T. Tikhonchuk, New J. Phys. 16, 073014 (2014).

[21] V. L. Ginzburg, The Properties of Electromagnetic Waves in
Plasma (Pergamon, New York, 1964).

[22] W. L. Kruer, The Physics of Laser Plasma Interactions (West-
view Press, University of California, Los Angeles, 2003).

[23] D. W. Forslund, J. M. Kindel, K. Lee, E. L. Lindman, and R. L.
Morse, Phys. Rev. A 11, 679 (1975).

[24] F. Amiranoff, R. Fabbro, E. Fabre, C. Garban-Labaune, and M.
Weinfeld, J. Phys. (France) 43, 1037 (1982).

[25] D. C. Slater, G. E. Busch, G. Charatis, R. R. Johnson, F. J.
Mayer, R. J. Schroeder, J. D. Simpson, D. Sullivan, J. A. Tarvin,
and C. E. Thomas, Phys. Rev. Lett. 46, 1199 (1981).

[26] R. Yan, C. Ren, J. Li, A. V. Maximov, W. B. Mori, Z.-M. Sheng,
and F. S. Tsung, Phys. Rev. Lett. 108, 175002 (2012).

[27] H. X. Vu, D. F. DuBois, J. F. Myatt, and D. A. Russell, Phys.
Plasmas 19, 102703 (2012).

[28] B. B. Afeyan and E. A. Williams, Phys. Plasmas 4, 3827 (1997).
[29] S. Weber, C. Riconda, O. Klimo, A. Héron, and V. T.
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